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Abstract—A moored array of current, temperature, conduc-
tivity, and pressure sensors was deployed across the Chinese
continental shelf and slope in support of the Asian Seas Interna-
tional Acoustics Experiment. The goal of the observations was to
quantify the water column variability in order to understand the
along- and across-shore low-frequency acoustic propagation in
shallow water. The moorings were deployed from April 21-May
19,2001 and sampled at 1-5 min intervals to capture the full range
of temporal variability without aliasing the internal wave field.
The dominant oceanographic signal by far was in fact the highly
nonlinear internal waves (or solitons) which were generated near
the Batan Islands in the Luzon Strait and propagated 485 km
across deep water to the observation region. Dubbed trans-basin
waves, to distinguish them from other, smaller nonlinear waves
generated locally near the shelf break, these waves had amplitudes
ranging from 29 to greater than 140 m and were among the largest
such waves ever observed in the world’s oceans. The waves arrived
at the most offshore mooring in two clusters lasting 7-8 days each
separated by five days when no waves were observed. Within each
cluster, two types of waves arrived which have been named type-a
and type-b. The type-a waves had greater amplitude than the
type-b waves and arrived with remarkable regularity at the same
time each day, 24 h apart. The type-b waves were weaker than
the type-a waves, arrived an hour later each day, and generally
consisted of a single soliton growing out of the center of the
wave packet. Comparison with modeled barotropic tides from
the generation region revealed that: 1) The two clusters were
generated around the time of the spring tides in the Luzon strait;
and 2) The type-a waves were generated on the strong side of the
diurnal inequality while the type-b waves were generated on the
weaker beat. The position of the Kuroshio intrusion into the Luzon
Strait may modulate the strength of the waves being produced. As
the waves shoaled, the huge lead solitons first split into two solitons
then merged together into a broad region of thermocline depres-
sion at depths less than 120 m. Elevation waves sprang up behind
them as they continued to propagate onshore. The elevation waves
also grew out of regions where the locally-generated internal tide
forced the main thermocline down near the bottom. The “critical
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point” a where the upper and lower layers were equal was a good
indicator of when the depression or elevation waves would form,
however this was not a static point, but rather varied in both space
and time according to the presence or absence of the internal tides
and the incoming trans-basin waves themselves.

Index Terms—Baroclinic tides, nonlinear internal waves, ocean
currents.

1. INTRODUCTION

A. The ASIAEX Program

HE Asian Seas International Acoustics Experiment

(ASTAEX) was a major field effort in coupled physical
oceanography, geophysics, and environmental acoustics which
took place during the consecutive springs of 2000 and 2001 in
the South and East China Seas. The program was divided into
two major components, a volume interaction experiment in
the South China Sea (SCS), with Taiwan and Singapore as the
primary collaborators, and a boundary interaction experiment
in the East China Sea (ECS), with the People’s Republic of
China (PRC) and Korea as the primary international partners.
The overarching goal of the SCS volume interaction experiment
was fo understand acoustic propagation through shallow water
when strong oceanic variability in the form of fronts, eddies,
boundary layers, and internal waves, is present. The goal of the
boundary interaction experiment was to develop models that
can predict the mean reverberation level and fluctuations using
measured environmental parameters. Both experiments were
multiship operations and required close cooperation between
acousticians, physical oceanographers, and geophysicists.
All the partnering nations contributed human and financial
resources to the program, which allowed a larger and more
comprehensive experiment than would otherwise have been
possible. This paper presents results from the SCS volume
interaction experiment. Results from the ECS program are
presented elsewhere in this special issue.

The science plan for the 2001 SCS experiment called for si-
multaneous observations of the water column properties (tem-
perature, salinity, and velocity) and acoustic propagation char-
acteristics at very high resolution in space and time. This was
accomplished by a combination of moored and shipboard obser-
vations near the continental shelf break between the southern tip
of Taiwan and Dongsha Island (also called Pratis Reef) bounded
by 21 to 22.5°N, 117 to 119°E (Fig. 1). The moored array con-
sisted of seven densely instrumented oceanographic moorings
(S8-S2) deployed in an across-shelf line spanning 800 to 72 m
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(Fig. 1). These moorings were designed to be along the pri-
mary acoustic transmission paths. Two sound sources operating
at 224 and 400 Hz were deployed on the 350 m isobath and
sources operating at 300, 400, and 500 Hz were deployed on the
120 m isobath (Fig. 1). The acoustic signals were all received
at an L-shaped hydrophone array with both horizontal and ver-
tical apertures, also moored on the 120 m isobath. While the
acoustics results are not explicitly discussed in this paper, the
mooring locations are included to foster comparisons presented
elsewhere [1], [2].

While the moorings were in the water, shipboard surveys
continuously mapped the area to ascertain the three-dimen-
sional spatial scales and representativeness of the moorings.
On the OCEAN RESEARCHER 1 (OR1), two surveys were
conducted using the SeaSoar towed undulating vehicle: The
small-scale SeaSoar survey mapped the three-dimensional
water mass properties in the insonified region and a larger-scale
survey described the surrounding mesoscale variability [3]. A
second vessel, the OCEAN RESEARCHER 3 (OR3) steamed
dedicated cruise tracks in the vicinity of the acoustic transmis-
sion paths [4]. Both vessels collected temperature, conductivity,
and hull-mounted ADCP velocity data as a function of pressure
(depth). The SeaSoar aboard ORI additionally sampled flu-
orescence, bioluminescence, and light transmission while the
OR3 sampled high frequency acoustic backscatter at 200 and
350 kHz for flow visualization of internal waves and evaluation
of turbulence.

V. SUMMARY AND CONCLUSION

A combination of moored and shipboard observations were
made near the continental shelf break in the South China Sea be-
tween the southern tip of Taiwan and Dongsha Island as part of
the Asian Seas International Acoustics Experiment (ASIAEX).
The moored array, which is the focus of this paper, consisted of
eight densely-instrumented oceanographic moorings with seven
deployed in an across-shelf line spanning 800 to 72 m depth and
the eighth moored alongshore on the 80 m isobath. The moor-
ings sampled velocity, temperature and conductivity at intervals
sufficient to resolve the high frequency internal wave field as
well as the tidal and mesoscale motions. The moorings were in
the water for 28 days during 21 April-19 May 2001.

The most energetic motions by far turned out to be the highly
nonlinear internal soliton packets propagating through the array.
The largest waves can be clearly identified as trans-basin waves
which were generated in the Luzon Strait and propagated about
485 km toward the WNW before encountering the most offshore
mooring. Inverse ray tracing identified the most likely sources as
over the Luzon Ridge near the Batan Islands, in agreement with
earlier work. Unfortunately no in-situ observations were made
near the islands, but comparison with two independent global
tidal models indicates that the waves were generated around the
time of the spring tide in the straits, in agreement with other sites
around the world.

The trans-basin depression waves arrived at the offshore
mooring in two clusters lasting 7-8 days each separated by
five days when no waves were observed. The waves in the
later cluster had much greater amplitude than the waves in the
earlier cluster. Within each cluster, two types of waves arrived
which have been named type-a and type-b. The type-a waves
had greater amplitude than the type-b waves and arrived with
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remarkable regularity at the same time each day, 24 h apart.
These waves resembled other soliton packets reported in the
literature, with the largest soliton leading and an approximately
rank-ordered structure behind. The type-b waves were weaker
than the type-a waves, arrived an hour later each day, and
generally consisted of a single soliton growing out of the center
of the wave packet. The type-b waves do not resemble waves
observed at other sites and represent some new generation
and propagation process. Both types of wave arrivals were
associated with a tidal bore. The initial tidal bore associated
with the a-waves was larger than the one associated with the
b-waves. The amount of energy in the tidal bore/internal waves
decreased/increased each day as the solitons strengthened from
May 6-9. Given the strong diurnal inequality evident in the
modeled barotropic tides for the generation region, the type-a
waves were apparently generated on the strong side of the
diurnal inequality while the type-b waves were generated on
the weaker beat. The timing of the wave arrivals is consistent
with the type-a waves being generated primarily by the non-
progressing K1 tide while the type-b waves were generated by
the M2 tidal constituent.

As the waves traveled up the continental slope from 350 to
200 m depth, the huge lead solitons began feeling the bottom.
These waves were forced up and out by the bottom, creating
reduced amplitude and greater half-amplitude width. Some the
largest solitons split into two lead solitons. Starting around May
10, the local spring tide, a second tidal bore appeared which was
diurnal, out of phase with the offshore bore, and presumed to be
locally generated. The new bore interacted with the incoming
solitons, smearing them out during the May 10-13 time frame.
All the solitons remained depression waves at the 200 m isobath.

The wave field was radically transformed by the time
it reached the 120 m isobath. What had initially been the
large-amplitude lead soliton (or solitons) now formed a broad
region of thermocline depression, and elevation waves sprang
up behind it. The local tidal bore also depressed the thermo-
cline all the way to the bottom for twelve hours at a time, and
elevation waves grew out of this region also. Some depression
waves still existed during the other phase of the internal tide
when the thermocline was high. The relatively simple idea of
a critical point (upper and lower layer depths equal) at some
isobath as the bottom shoals under a relatively constant-depth
thermocline was inadequate to describe the wave field. The
critical point was a dynamic, rather than a static location, and
changed its position often in response to the passage of the tidal
bore and even the internal waves themselves.

The modal structure of the waves, both depression waves and
elevation waves, showed remarkable agreement with the theory.
Offshore, the depression waves were almost all mode-1 waves,
with strong orbital velocities in the direction of wave propaga-
tion in the upper layer and toward the opposite direction in the
lower layer. The nodal point statistically occurred around 140 m
but was not well resolved by the spacing of the deeper current
meters. The ADCP observed vertical velocities (w) as large at
60 cm s~ in the largest soliton. Large downward vertical ve-
locity preceded the arrival of each thermocline depression, and
large upward w followed along behind. The wave polarity re-
versed in the elevation waves with a nodal point near 66 m over
the 120 m isobath. There was upward flow ahead of the wave,
onshore (upslope) flow along the bottom, and downward vertical
velocity behind the wave. The elevation waves were less dis-
persed than the trans-basin waves, due to their local generation.



	toc
	Internal Solitons in the Northeastern South China Sea Part I: So
	Steven R. Ramp, Tswen Yung Tang, Timothy F. Duda, James F. Lynch
	I. I NTRODUCTION
	A. The ASIAEX Program


	Fig.€1. Locator map showing the positions of the ASIAEX moorings
	B. Location and Basin Geometry
	C. Forcing by Wind
	D. Tides
	E. Internal Waves
	II. D ATA AND M ETHODS

	Fig.€2. Cross-section of the oceanographic moorings showing the 
	III. R ESULTS
	A. Oceanographic Context


	TABLE I M OORING L OCATIONS AND I NSTRUMENT D EPTHS FOR A LL THE
	TABLE I M OORING L OCATIONS AND I NSTRUMENT D EPTHS FOR A LL THE
	B. A Basic Description of the Internal Wave Arrivals

	Fig.€3. De-meaned bottom pressure (red line) and high-pass filte
	TABLE II B AROTROPIC T IDAL C ONSTITUENTS F ROM THE S EAGAUGE SB
	Fig.€4. Stack plot of temperature at mooring S7 on the 350 m iso
	TABLE III A S UMMARY OF THE O BSERVED AND C ALCULATED W AVE P RO
	C. Wave Transformation in Shallow Water

	Fig.€5. As in Fig.€4 but for mooring S5 on the 200 m isobath. Th
	Fig.€6. As in Fig.€4 but for mooring S4 on the 120 m isobath. Th
	D. Wave Propagation

	Fig.€7. Observed phase speed of the ASIAEX internal solitons com
	Fig.€8. Observed and theoretical phase speed for the nonlinear i
	E. The Generation Site

	Fig.€9(a) (d). Histograms of current speed and direction for all
	Fig.€9(e) (h). As in Fig.€7(a) (d), except for different mooring
	Fig.€10. Synthetic aperture radar (SAR) image from May 18, 2001 
	F. Modal Structure of Wave Packets

	Fig.€11. (a) Temperature and vertical velocity (top panel), and 
	IV. D ISCUSSION
	A. Soliton Generation vs. Luzon Strait Tides


	Fig.€11. (Continued.) (b) Temperature and ADCP vertical velocity
	Fig.€12. Bottom: Observed (green line) and PCTides-generated (re
	B. Wave Amplitudes in Cluster 1 Versus Cluster 2

	Fig.€13. Bottom topography (colors) and current vectors at 100 m
	C. Impacts of Tropical Storm Cimaron on Cross-Basin Propagation
	D. Comparison With Other Locations
	V. S UMMARY AND C ONCLUSION
	C.-S. Chiu, S. R. Ramp, C. W. Miller, J. F. Lynch, T. F. Duda, a
	T. F. Duda, J. F. Lynch, J. D. Irish, R. C. Beardsley, S. R. Ram
	G. Gawarkiewicz, J. Wang, M. Caruso, S. R. Ramp, K. Brink, and F
	M. H. Orr and P. C. Mignerey, Nonlinear internal waves in the So
	C. C. Ebbesmeyer, C. A. Coomes, R. C. Hamilton, K. A. Kurrus, T.
	J. B. Bole, C. C. Ebbesmeyer, and R. D. Romea, Soliton currents 
	M.-K. Hsu and A. K. Liu, Nonlinear internal waves in the South C
	J. Wang and C.-S. Chern, On the Kuroshio branch in the Taiwan st
	S. Hellerman and M. Rosenstein, Normal monthly wind stress over 
	E. J. Metzger and H. E. Hurlburt, Coupled dynamics of the South 
	P.-T. Shaw, The intrusion of water masses into the sea southwest
	T. Hatayama, T. Awaji, and K. Akitomo, Tidal currents in the Ind
	P. Mazzega and M. Berge, Ocean tides in the Asian semi-enclosed 
	A. L. Ye and I. S. Robinson, Tidal dynamics in the South China S
	A. K. Liu, Y. S. Chang, M.-K. Hsu, and N. K. Liang, Evolution of
	Y.-J. Yang, W. D. Liang, T. Y. Tang, M.-K. Hsu, A. K. Liu, and M
	L. Armi and D. M. Farmer, The flow of mediterranean water throug
	D. M. Farmer and L. Armi, The flow of Atlantic water through the
	D. M. Farmer and J. D. Smith, Tidal interaction of stratified fl
	R. F. Gasparovic, J. R. Apel, and E. S. Kasischke, An overview o
	A. K. Liu, Analysis of nonlinear internal waves in the New York 
	J. R. Apel, M. Badiey, C. S. Chiu, S. Finette, R. Headrick, J. K
	J. A. Colosi, J. F. Lynch, R. C. Beardsley, G. Gawarkiewicz, A. 
	T. Maxworthy, A note on the internal solitary waves produced by 
	J. R. Apel, J. R. Holbrook, J. Tsai, and A. K. Liu, The Sulu Sea
	A. Scotti and R. C. Beardsley, Large internal waves in Massachus
	A. R. Osborne and T. L. Burch, Internal solitons in the Andaman 
	L. A. Ostrovsky and Y. A. Stepanyants, Do internal solitons exis
	J. Small, Z. Hallock, G. Pavey, and J. C. Scott, Observations of
	W. Choi and R. Camassa, Fully nonlinear internal waves in a two-
	J. Small, A nonlinear model of the shoaling and refraction of in
	J. R. Apel, A new analytical model for internal solitons in the 
	P. Holloway, E. Pelinovsky, and T. Talipova, A generalized Korte
	A. K. Liu, J. R. Holbrook, and J. R. Apel, Nonlinear internal wa
	J. Small, A nonlinear model of the shoaling and refraction of in
	V. Vlasenko and K. Hutter, Numerical experiments on the breaking
	R. J. Joseph, Solitary waves in a finite depth fluid, J. Phys. A
	T. Kuboda, D. R. S. Ko, and L. Dobbs, Propagation of weakly nonl
	D. W. Denbo, K. Lolain, J. S. Allen, A. Huyer, and R. L. Smith, 
	R. C. Beardsley, T. F. Duda, J. D. Irish, and S. R. Ramp, The ba
	F. S. Henyey and A. Hoering, Energetics of bore-like internal wa
	H.-R. Kim, S. R. Ramp, and T. F. Duda, Internal Solitons in the 
	K. R. Helfrich, Internal solitary wave breaking and run-up on a 
	A. K. Liu, Y. Zhao, T. Y. Tang, and S. R. Ramp, A case study of 
	S. R. Ramp, C.-S. Chiu, F. L. Bahr, Y. Qi, P. H. Dahl, J. H. Mil
	C. A. Blain, R. H. Preller, and A. P. Rivera, Tidal prediction u
	G. D. Egbert, A. F. Bennett, and M. G. G. Foreman, TOPEX/POSEIDO
	Y.-J. Yang, T.-Y. Tang, and S. R. Ramp, Solitons northeast of Tu
	B. Ono, Algebraic solitary waves in stratified fluids, J. Phys. 
	J. R. Apel, R. F. Gasparovic, D. R. Thompson, and B. L. Gotwols,
	M.-K. Hsu, A. K. Liu, and C. Liu, A study of internal waves in t



